In this study, a procedure to test the linear reference air kerma rate of 192 Ir wires using a well-type chamber is described. The method is based on a special lead insert with a 1 cm acrylic aperture that provides a differential response of the well chamber. The wire is considered divided into 1 cm parts. Using an external positioning system it is possible to place every part of the wire at the aperture position in the lead insert allowing measurement of each 1 cm making up the length of the wire. By means of a set of equations that take into account the contribution of all parts of the wire, in all possible positions, the relative linear reference air kerma rate is obtained. The estimated uncertainties of this procedure are about 2 to 3%. So, a well chamber and the specific inserts allow the measurements of total and linear reference air kerma rate for 192 Ir wires.
Introduction
192 Ir wires are widely used in Europe for LDR interstitial brachytherapy: model IRF-1 from CIS, 14 cm long wires, and models ICW 1030-ICW 11000 from Amersham, 50 cm long wires, usually with a linear intensity of 8-12 U cm −1 (1 U = 1 µGy m 2 h −1 ). The usual procedures to assess the reference air kerma rate (RAKR) (ICRU 1997) in 192 Ir wires use well chambers with inserts having a loop or rectilinear geometry (IAEA 1999) . It is also necessary to verify the linear RAKR for 192 Ir wires by the user (Nath et al 1997 , Woods et al 1992 . There are two reported methods for testing the linear RAKR of 192 Ir wires: linear activimeter based, and autoradiographs. The linear activimeter is composed of a set of Geiger tubes within a very heavy collimating system that only allows a contribution to the reading from a small hole alongside the wire (Bernard et al 1975, Ling and Gromadzki 1981) . This equipment is used exclusively for this kind of measurement. The autoradiograph technique is generally done with ready-pack films sandwiching the 192 Ir wire (Cuypers and Robert 1995) , which is a laborious and time-consuming process.
In this study, a procedure to test iridium wires using a well chamber is described in an attempt to give a global solution for the intensity tests needed for 192 Ir wires. So, the measurement of the total and linear RAKR can be performed using only a well chamber.
Method and materials

Insert design
The system of measurement proposed in this study is a modification of a device developed by Thomadsen et al (1999) for measuring equally spaced 192 Ir seeds. It is also similar to a device used for high-dose-rate quality assurance measurement of 192 Ir sources (DeWerd et al 1995) . Thomadsen et al (1999) used a catheter with 1.1 cm thick lead fillers and an aperture of 0.39 cm, which is inserted into an open well-type ionization chamber. In the present study, modification of this device has been carried out in order to use a typical well chamber in which the well is closed, in contrast to the chamber used by Thomadsen et al (1999) with an open well and to adapt the procedure to test 192 Ir wires. Before testing the uniformity of linear RAKR 192 Ir wires, we had to decide on the minimum wire length to be included in the tests. After several trials, a compromise was reached between the precision of the method, the time it took to carry out the tests, the precision of the cut of the elemental source and the effect on clinical dosimetry. Finally, the decision was made to consider 1 cm lengths of 192 Ir wire. Thus, the wire is considered to be divided into 1 cm 'parts' or 'segments'. This wire is passed through an insert design shown schematically in figure 1, for 14 cm length wires.
To obtain the best response of the ionization chamber, an insert was designed with lead shielding having a tunnel running through its centre. This insert allows the iridium wire (inserted into the plastic guide) to be passed through the centre of the chamber. A lead disc (110 mm diameter and 17 mm high, figure 1) covering the well entrance minimizes the contribution of the parts of the wire outside the well when the measurement is taken ( figure 1 ). This shielding of the insert has a 1 cm long acrylic aperture which, when inserted into the ionization chamber, is placed in the area where the chamber response is nearly flat (sweet spot). The 1 cm acrylic aperture maximizes the signal from a 1 cm part of the 192 Ir wire in the aperture while minimizing the contribution of the rest of the wire.
Although the response of the chamber is isotropic in the radial direction, the lead insert fixes the orientation of the wire in the centre of the chamber. The 192 Ir wire is inserted into a solid plastic guide that is coupled to an external positioning system controlled manually, that allows movement of the guide vertically down to precisely 0.1 mm (figure 2). The guide is then put into the lead insert.
Method
The procedure to measure the relative linear RAKR with the system developed in this study is described for a 14 cm long wire; this is the length of wire provided by CIS. The procedure of this modified system consists in passing a 14 cm long wire through the 1 cm acrylic aperture in the lead insert, stopping to take measurements at centimetre intervals until the first 7 cm of the wire has passed through it (figure 2). Then the wire is turned around and another seven measurements are made passing the rest of the wire through the aperture. Thus, a set of measurements equal in number to the length in centimetres of the wire is obtained. Due to the fact that there is a contribution from the rest of the wire to add to that from the part of the wire in the aperture (there are 20 possible 'positions' where a part of the wire can be found, as shown in figure 2), it is necessary to evaluate the contribution of the rest of the wire to the measurement of the 1 cm part of the wire. This measurement varies with the position of the wire. Measurements were done with a 1 cm wire length, setting it in the 20 different positions. Considering these contributions to each measurement using a set of equations (equation (1) below), the relative linear RAKR can be obtained.
An HDR-1000 well-type ionization chamber (Standard Imaging, Middleton, WI) was used as the detector system. Measurements have been made in integrated mode on an electrometer (PTW Unidos) taking into account leakage current, measured both before and after the 192 Ir wire source, offset, warm-up of electrometer and chamber and climatic warm-up for chamber. The variation of temperature in the room during measurement was less than 0.3
• C.
Measurements
2.3.1. Relative response curve. In order to take into account the differential contribution to the reading of every part of the wire in the 20 possible different positions, a 'relative response curve' is needed. So, a 1 cm long iridium wire was placed in every position of the ruler in figure 2 (for example, the seventh position is when the 1 cm wire is in front of the 1 cm aperture giving the maximum in the response of the chamber). In figure 3 , the relative response factors (F i , i = 1, 20) normalized to the seventh position value is presented up to 20 cm from the bottom of the well, covering all possible positions of any part of the 14 cm wire in the measurement process.
14 cm length
192 Ir wire measurement. Initially, the 14 cm long wire is placed within the plastic guide, which is inserted into the lead shielding with the aid of the external positioning system in such a way that the first 1 cm part of wire is aligned with position 1, the second part with position 2 and so on. After the measurement (R 7 ) has been made the wire is moved 1 cm upwards and a new measurement (R 6 ) is made (see figure 2 ). This procedure is repeated until the first part of the wire is at the seventh position (measurement R 1 ). The wire is then taken out of the guide and turned around so that part 14 of the wire is now at position 1 and another seven measurements are taken using the procedure previously explained. Since the well dimensions cannot measure the entire length of the wire, it is measured in two 7 cm segments. After the 14 measurements (R i , i = 1, 14) a set of equations must be satisfied 
where (s i , i = 1, 14) are the relative linear RAKR of the wire, and F, s and R are the matrix representations of the variables. Then it is possible to get the response of every part of the wire, that is the relative linear RKAR of the wire.
Estimation of uncertainties
The uncertainties in the determination of the linear RAKR in this procedure are due mainly to the uncertainty in the 1 cm length of the wire, the uncertainties in the positions of the 1 cm long wire for the measurements, and the uncertainties in the position of the 14 cm long wire in the measurements (mainly in the positions of the extremes of the wire in the aperture: the position of part 1 of the wire in the R 1 measurement and the position of part 14 of the wire in the R 14 measurement).
Finding analytical forms for the partial derivatives to estimate error propagation in equations (1) is an unenviable task, but in this case it is not necessary to find the derivatives explicitly. The variation in the dependent variables (s i ) caused by variations in each measured variable (F i and R i ) can be estimated by the computer. A set of replicated measurements were performed in order to evaluate the mean values and the standard deviations (F i , ε(F i . We shall further assume that the correlation is so small that the covariance may be ignored. Then to find the variations of one s k with the measured quantities R i and F i we can make successive calculations with the function of the form
The resulting contributions to the uncertainty in s k are combined in quadrature as
Using this procedure we have estimated the uncertainties for each value of the relative linear RAKR of the wire and we have concluded that for typical uncertainties in the measurements (estimated after several positionings and measurements of the 192 Ir wires ε(R i ) ≈ 0.2%, and several relative response curves ε(F i ) ≈ 0.5%), the uncertainties in the calculated relative linear RAKR of each 1 cm part of the wire, ε(s i ), are within the range of 2-3% (k = 1). 
Results and discussion
With this system we have made several measurements of a set of iridium wires in the most usual situation using 14 cm long wires. The results for five wires are shown in table 1. It can be observed from this table that, in every case, the values of relative linear RAKR are better than the manufacturer's tolerance values of 8% (Bonilla 2001) . It should be noted that if the relative response factors are obtained by means of a 1 cm long standard source, provided by an accredited laboratory, then the absolute instead of the relative RAKR of every centimetre of the wire can be obtained. However, the uncertainty of the RAKR obtained in this way is greater than the value obtained with the specific insert to RAKR measurements (loop or rectilinear insert without lead) due to its high signal level.
Conclusions
The method described in this study using a special lead insert, a well chamber and an external precise positioning system, allows us to verify the relative linear RAKR of 192 Ir wires within an accuracy of 2-3%. In principle, this method is valid with minor modifications, for any wire less than 14 cm long, being useful for longer wire lengths in detectors which have a larger well height. The procedure described here allows us to do total and relative linear RAKR verification for 192 Ir wires using just well-chambers with specific inserts.
